The main goal of this paper is to demonstrate a prototype servo-drive with modern SiC MOSFETs power devices and with ARM Cortex core based microprocessor. This allows to apply high switching frequency what result in quiet and precise operation of PMSM servo-drive. Description of the designed and built prototype servo-drive is presented. Next, two different control schemes are implemented and experimentally verified for position tracking as well as for disturbance compensation of servo-drive.
Description of the prototype servo-drive
The development of SiC MOSFET power devices (Sarnowska and Rąbkowski, 2016) and microprocessors with ARM Cortex core (Skiwski et al., 2016) causes, that it is possible to design modern servo-drive with high switching frequency. In such a case, high precision, silent and efficient operation of the servo-drive should be achieved. For that reason, it was decided to design and extensively test such a device. Block diagram of a prototype drive dedicated for high switching frequency PMSM servo-drive is presented in Fig. 1 
Fig. 1. Block diagram of the prototype drive with SiC MOSFETs
The prototype drive consists of: STM32F407VGT6 microcontroller from STMicroelectronics, CGD15FB45P1 six channel gate driver from Cree dedicated for SiC MOSFETs, CCS020M12CM2 2-level, 3-phase VSI with SiC MOSFETs power devices from Cree, interfaces for currents and DC-voltage measurements (LTS15NP and LV25P, respectively), single-turn absolute encoder with Hiperface interface, Ethernet interface for communication with a host PC. The angular position of the motor shaft has been obtained by using SRS50 motor feedback system from Sick. The total number of steps per revolution is equal to 32768. In order to obtain the angular velocity of the rotor shaft, the method based on fixed time (i.e., Pulse Counting) described in (Bonert, 1983) has been employed. A fixed time used for acquisition impulses from encoder was selected as a compromise between dynamical properties of angular velocity and minimization of quantization errors. Its value is equal to 32×T s . Microcontroller applied in the proposed solution is based on ARM Cortex 32-bit core that operates at 168 MHz. The device is equipped in all necessary components (i.e., fast floating point unit, PWM outputs, three 12-bit A/D converters, two 12-bit D/A converters) required in a modern drive. Moreover, Ethernet with dedicated DMA is also available, what seems to be an advantage due to the high switching frequency and, as a result, the need of sending a large amount of data between the drive and the host PC. A photo of designed and built prototype device is presented in Fig. 2 . 
Control algorithms
Designing process of control algorithms for the depicted servo-drive may be divided into two main stages. The first part covers synthesis procedure of PI controllers that are responsible for regulation of space vector current components. The second stage concerns regulation of mechanical variables (i.e., angular velocity and position) and it will be made by applying two methods: classical cascade control structure (CCS) with PI controllers and, state feedback control (SFC) approach.
Regulation of space vector current components
Synthesis procedure of PMSM current control loop requires mathematical model of the plant (i.e., motor and inverter) written in the dq reference frame. This is as follows
where: u d , u q -space vector components of inverter control voltages, K p -gain of inverter, R s , L s -resistance and inductance of stator, i d , i q -space vector components of current, p -number of pole pairs, ω -angular speed, ψ fpermanent magnet flux linkage. The aforementioned equations have been constructed with the following simplifying assumptions: dynamics and non-linearities of the inverter are omitted, dq inductances of the motor are equal (L s = L d = L q ). The latter assumption is valid for PMSM with surface mounted magnets while the first will be fulfilled for linear range of inverter operation and sufficiently short dead-times of power transistors (what occurs in this particular case). Since non-linear and cross-coupled terms exist in (1) and (2), the PI controllers cannot be directly designed. For that reason, linearization procedure should be applied. In this approach, a relatively simple feedback linearization method is employed (Grzesiak and Tarczewski, 2013) . It requires an introduction of additional components
into (1) and (2), respectively. As a result, linear voltage formulas have been obtained
These have been used during synthesis procedure of current control loop. In order to obtain coefficients of PI current controllers, an internal model control (IMC) method was applied (Harnefors and Nee, 1998) . The advantage of this method is that it requires only one parameter, the expected rise time of regulated variable (current space vector components in the considered approach), for calculation of controller coefficients. For a PI controller structure shown in Fig. 3 , coefficients are calculated from the following formulas (8) where: α = log(9)/τ ri , τ ri -the expected rise time of current. It should be noted, that coefficients of controllers were obtained for linearized model of the plant. For that reason, control signals should be supplemented by non-linear and cross-coupled components. This task has been done by introducing linearization block into current control loop. Its structure is presented in Fig. 3 . From this figure it can be seen, that PI current controllers were equipped with anty-windup path in order to compensate negative impact of this phenomenon on control performance. The tracking back calculation method has been used to attenuate the integral path (Shin and Park, 2012) . 
Regulation of mechanical variables
As it was claimed before, two types of control structures (i.e., CCS and SFC) will examined for regulation of servo-drive angular velocity and position. Synthesis procedure for both of them is based on mechanical equations of the drive (10) where: J -total moment of inertia, K t -torque constant, B -viscous friction, T l -load torque. It should be noted, that external load torque will be omitted during synthesis procedure but its compensation will be examined during experimental tests. It was also decided, that linear signal will be used as a reference position due to its application in servo-drives (Mandra, 2014, Tarczewski and Grzesiak, 2009) . At this stage, both of control structures will operate without additional feedforward paths. During synthesis process, current control loop will be omitted due to its relatively short rise time in comparison to the dynamical behavior of mechanical variables.
Cascade control structure with discrete PI controllers responsible for regulation of angular velocity and position is shown in Fig. 4 . Proposed structure has been chosen to provide zero-steady state position error for linear reference position signal and minimum transient position error observed during acceleration and deceleration of servo-drive.
As in a case of current control loop, anty-windup paths have been introduced to avoid performance deterioration of the servo-drive.
Fig. 4. Cascade control structure with discrete position and velocity controllers
An angular velocity PI controller has been tuned according to the symmetric-optimum criterion and retuned manually in order to reduce velocity overshoot and also to obtain a suitable trade-off between bandwidth and noise of velocity control loop Umland and Safiuddin, 1990) . Similar approach has been applied during manual selection of position controller coefficients.
In order to design state feedback position controller, mechanical equations of the servo-drive, after omitting the load torque, should be written in a state-space form. This will be augmented by internal model of reference signal (IMRS) to provide asymptotic tracking for linear reference position 
where: e 1 , e 2 -additional state-space variables necessary to assure asymptotic tracking for linear reference signal (Tarczewski and Grzesiak, 2009 ). The control law of resulting state feedback position controller for considered state-space model is as follows
where:
. In this approach, it was decided to obtain SFC coefficients by using pole placement method (Grzesiak and Tarczewski, 2013) . Manually selected poles of considered position control system are: p 1/2 = -25 ± δ, p 3/4 = -35 ± δ, where δ = 0.05. The latter coefficient was introduced due to the limitation of Matlab 'place' function that limits the number of the same poles to the number of control signals. As it can be seen, it was decided to use non-complex poles in order to avoid oscillations of angular position. Similar to CCS, SFC was designed to provide minimum transient position error observed during acceleration and deceleration of servo-drive, as well as zero steady-state position error for linear reference signal. Block diagram of applied SFC with anty-windup path is shown in Fig. 5 . 
Experimental tests
The experimental tests of designed control schemes were conducted on the laboratory stand that consists of: the main servo-drive (LTi Drives LST-127-2-30-560) equipped with single-turn absolute encoder (Sick SRS50), an auxiliary PMSM (Control Techniques) that operates in a torque mode, an additional moment of inertia and torque sensor (HBM T22/50NM). The photo of laboratory stand is shown in Fig. 6 , while the main parameters of the servodrive are summarized in Table 1 . Proper operation of current control loop with PI controller tuned by using IMC method is shown in Fig. 7 . Since high switching frequency has been employed, relatively short rise time of q-axis current was obtained (τ ri = 0.4 ms). This value was selected as a trade-off between dynamical properties of current control loop and measurement noise. It should assure satisfactory compensation of load torque. For a comparative purposes, experimental response of current control loop with low switching frequency (f sw = 10 kHz) has been recorded and the respective waveforms are shown in Fig. 8 . From Fig. 8a it can be seen, that overshoot in q-axis current is observed. Moreover, lower switching frequency causes current and control voltage ripples. This proves, that by using high switching frequency a better performance of the servo-drive (e.g., faster load compensation and silent operation) may be achieved. Experimental results obtained for CCS during position tracking are presented in Fig. 9 . It should be noted, that the proposed control structure assures asymptotic tracking for linear reference position. Dynamical properties of the servodrive are limited by the boundary value of q-axis current. From Fig. 9 .b it can be seen, that suppressed oscillations exist during position tracking for CCS. The maximal value of transient position error observed during acceleration is equal to e θ = 1.642 rad, while the maximal value recorded during deceleration is equal to e θ = 1.42 rad.
Experimental response of PMSM servo-drive with SFC and IMC is shown in Fig. 10 . Due to the application of IMRS, asymptotic tracking for linear reference position occurs. Since non-complex poles have been used during synthesis process of SFC, position oscillations don't exist, but slightly worst tracking performance during transient is observed. The maximal value of transient position error observed during acceleration is equal to e θ = 2.077 rad, while the maximal value recorded during deceleration is equal to e θ = 1.894 rad. In order to improve tracking performance during transient, a feedforward path should be added, what is beyond the scope of this paper. Similar to results recorded for CCS, dynamical behavior is mainly limited by the boundary value of q-axis current.
The ability to load torque compensation of proposed control schemes (i.e., CCS + IMC and SFC + IMC) were also tested. An external load torque T l ≈ 3 Nm has been imposed to tested PMSM servo-drive for t ∈ (100; 600) ms. As a result, an instantaneous position error is observed for both examined control structures (Fig. 11.b and Fig.  12 .b) and it is properly compensated. This proves that designed control structures may be successfully applied in the designed modern servo-drive with high switching frequency. 
Conclusion
In this paper, modern PMSM servo-drive with SiC MOSFETs voltage source inverter has been presented. High switching frequency allows silent and efficient operation of servo-drive and assures good compensation of load torque. Two control schemes have been designed and implemented to provide asymptotic tracking of linear reference position. Obtained experimental results indicate the possibility of high frequency operation of both control schemes. Due to free-programming ability of the designed and built servo-drive, implementation and investigation of more complex control algorithms is planned.
